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1. Statement of Work 

The overall objective of the research was to explore SiGe/Si heterostructures for 

optoelectronics applications. We have intensively investigated intersubband transitions of Si/Ge 

quantum structures. Si-based normal incidence detectors based on the intersubband transitions 

in SiGe/Si multiple quantum wells and superlattices have been demonstrated. We have also 

demonstrated luminescences from SimGen superlattices. In addition to exploration of new 

devices, alternative growth techniques for achieving layer thickness to monolayer scale and 

doping control were also investigated. We built up a Si gas source molecular beam epitaxy 

system. Orientation dependence of gas beam epitaxy was studied. Selective epitaxial growth 

was demonstrated. The role of surfactants was investigated, in particular, for obtaining high 

quality coherently strained SiGe films and for providing doping control in quantum wells and 

superlattices. In the following, we highlight the accomplishments made both in the growth 

control and optoelectronic properties. Details may be referenced to the publications resulting 

from the research efforts under the AFOSR support listed in the Appendix. 

2. Progress and Accomplishments 

In the following, we will describe the progress to date made by this research group under 

the AFOSR support. The description will be in two parts: (I) Quantum Wells and 

Superlattices and (II) Growth. 

2.1. Quantum Wells and Superlattices 

We have made significant advances in the studies of quantum effect devices including 

resonant tunneling diodes, hot carrier transistors, and intersubband absorption and detection in 

SiGe/Si multiple quantum wells and superlattices. In the area of optical properties we have 

demonstrated a large Stark shift due to type n SiGe/Si multiple quantum wells and 
luminescence from S^Gen superlattices 

First, we highlight some of our leading progress in SiGe/Si intersubband transitions for 

detector array applications. The significance of our work is: 

• demonstration of the intersubband transition for SiGe quantum wells 

• discovering a new intervalence band transition which has normal incidence selection rule 

• providing and demonstrating n-type normal incidence intersubband detection of the X 

valleys on other than (100) oriented substrates, and of the L valleys on other than (111) 



Substrates 

•   discovering very large many body effects for tuning the transition energy. 

Intersubband infrared detectors have created a great deal of interest due to their convenient 

wavelength tunability, high detectivity, and possible monolithic integration with other electronic 

devices. Usually, in III-V materials, intersubband transitions in the conduction band have the 

selection rule that the optical field must polarize in the direction of quantum well direction to 

produce carrier motion (or oscillation) in the same direction. Thus in GaAs/AlGaAs, where the 

conduction band minimum and the valence band maximum are at the T point, the light must be 

incident at an angle, for otherwise no intersubband transition is induced. Our contributions 

circumvent this problem, providing experimental demonstration and the theoretical 

understanding of mechanisms for normal incidence intersubband transitions in n and p type 

SiGe quantum wells. 

2.1.1. P-type Si Quantum Wells 

First, we discuss p-type intersubband transitions. We were the first to demonstrate the 

heavy hole-to-heavy hole intersubband transitions. Since the heavy hole band maximum lies at 

the T point, the selection rule similar to that of the conduction band T valley applies (GaAs 

case). However, we have discovered two kinds of mechanisms that offer normal incidence 

detection, namely free carrier detectors and inter-valence detection. Unlike the heavy hole to 

heavy hole transition and n-type GaAs/AlGaAs intersubband infrared detectors, our normal 

incidence SiGe/Si structures offer a great advantage for focal plane array applications. For 

conciseness, we will discuss the latter two examples. First, we will describe our contributions 

of free carrier detectors using multiple well structures. 

The samples were grown in a Si/Ge molecular beam epitaxy system on high resistivity (100 

Q-cm) Si (100) wafers. The quantum well structure consisted of 50 periods of 35 Ä thick 
l Siß 85Ge0 15 wells (B-doped up to ~ 1 x 10    cm ) and separated by 500 Ä thick undoped S 

barriers with p   ohmic contacts on both sides. The Ge composition and the well thickness 

were selected so as to have the heavy hole bound state inside the well and the first extended 

excited state close to the continuum of the barriers. This allows the photoexcited carriers to be 

efficiently collected upon photoexcitation via intersubband and/or free carrier absorption. The 

normal incidence photoconduction process can be explained as follows. When the energy of 

the incoming photon is large enough to create holes with an energy larger than the barrier 

height, the photoemitted holes can travel above the barriers and be collected with an applied 

electric fieldftnternal photoemission). As the photon energy decreases(wavelength increases), 

the photocurrent increases due to the large free carrier absorption at longer wavelengths. When 



the photon energy is further decreased to below the barrier height, the photocurrent vanishes as 

the flow of holes is blocked by the potential barriers. This type of photoemission is similar to 

that observed by Lin et al. for a SiGe/Si heterojunction. The difference is that the free carrier 

absorption is three dimensional in their case. In our case, all multiple layers contribute to the 

photoemission, thus a larger quantum efficiency is expected. 

For photoresponse measurement, mesa diodes of 200 |im in diameter are fabricated with a 

45 facet on the edge of the wafer, and infrared light illuminates the facet at the normal such that 

the incident angle on the multiple quantum well structure is 45 . The photo-currents are 

measured at two different polarization angles of 90 (normal incidence) and 0 at 77 K. 

Figure 1 shows the measured photoresponse at the 0 and 90 polarizations at 77 K, with a 

2 V bias across the detector. The photon flux is measured using a calibrated GaAs/AlGaAs 

quantum well detector. In the 0 polarization case, a peak is found near 8.6 Jim which is in 
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Figure 1. Photoresponse at 77 K of a p-type sample. Photoresponse at 77 K for two 
polarizations angles with a 2 V bias applied across the detector.  Infrared is illuminated on 
the facet at the normal such that the incident angle on the multiple quantum well structure 
is 45  as shown in the inset. 

agreement with the FTIR absorption spectra (not shown), except that the peak position moves 

slightly to a lower wavelength because of the use of different temperatures in the two 

measurements. The full width at half maximum (FWHM) is about 80 meV and is also in 

agreement with the absorption spectra, while for the 90 polarization, the peak near 7.2 (im is 

observed with a similar FWHM. For the latter, the shift of the peak to a shorter wavelength 

may be due to the sharing of phonon energy with momentum conserving processes such as 



phonon or impurity scattering. The peak responsivities (R) for both cases are about the same, 

0.3 A/W and are comparable with those typically observed in III-V based quantum well 

detectors. 

It is clear that for the 0 polarization case, the photocurrent is due to intersubband transition 

between two heavy hole subbands and also partially due to internal photoemission of holes 

excited via free carrier absorption. For the 90 polarization case, the intersubband transition is 

forbidden but free carrier absorption is stronger than that of the 0 polarization case because the 

entire photon electric field lies in the xy-plane. Fig. 1 also shows the photocurrent obtained 

from an unpolarized beam. In the latter case, a peak is found near 7.5 (im and the responsivity 

is about 0.6 AAV, For the unpolarized case, the photocurrent measured in the waveguide 

structure is the sum of both the intersubband transition and the photoemission due to free 

carriers. Photocurrent is also measured by illuminating normally on the backside of the device. 

The photoresponse on the transport parameters, was also investigated as a function of the 

bias across the device. We will not discuss this in detail here. For the present non-optimized 

device, the estimated detectivity using the measured leakage current and the quantum efficiency 

is about D* ~ 1 x 10   cmVHz / W for 7 ~ 10 (im. The demonstration of the normal incidence 

detection of photocurrent shows the promise of applications for SiGe/Si multiple quantum well 

ER. detectors for focal plane array applications. 

2.1.2. P-type Intervalence Band Transition 

The use of free carriers provides normal incidence detection as discussed in the preceding 

section. However, the use of free carrier absorption is limited to the longer wavelength range. 

Here, we describe yet another normal incidence transition mechanism based on inter-valence 

band transitions. We have demonstrated experimentally the normal incidence detection and 

theoretically shown the large intervalence transition strength when the final excited state of the 

transition is quasi-bounded. Our findings show that the intervalence band transition occurs as 

the Ge content in the well increases; we provide an understanding of the normal incidence 

selection rule. 

In experiments, we used Sii_xGex/Si multiple quantum well structures with different Ge 

compositions, e.g., x = 0.15, 0.3, 0.4 and 0.6. For all samples, one period of the SiGe/Si 

multiple quantum well structure consists of a 40 Ä Sii-xGex well and a 300 Ä Si barrier. The 

center 30 Ä of the Sii_xGex wells is boron doped to about 5 x 1019 cm ~3 and the Si barriers are 

undoped. For the Sio.85Geo.15/Si, Sio.7Geo.3ZSi and Sio.6Geo.4/Si samples, there are 10 

periods of multiple quantum wells, while, for Sio.4Geo.6/Si sample, only five periods are used 

because of the critical thickness limitation of the SiGe strained layers. To enhance the 



absorption, the quantum well is heavily doped in the center region of 30 Ä. In order to further 

study the Ge composition dependence, 10 periods of Si 5-doped quantum wells with 300 Ä 

undoped Si barriers is also used with the same doping profile for comparison. 

Figure 2 shows the measured absorption spectra of the Sio.6Geo.4/Si quantum well sample 

at two different polarization angles using the waveguide structure. At the 0 polarization angle 

(with the optical electric field having a component in the growth direction as depicted in the 

inset), an absorption peak occurs at 5.6 |im. The peak at the 0 polarization is due to the 

intersubband transition between two heavy hole states. This is verified from the polarization 

dependence of the peak (cos2 (()), a typical behavior of intersubband transition. At the 90 angle 

(beam polarized parallel to the plane), this peak vanishes, but another broad peak appears at a 

shorter wavelength, 3.2 (im. This peak is shown to increase in energy and intensity as the Ge 

content increases. 
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Figure 2. Measured room temperature absorption spectra of a Sio.6Gefj.4/Si multiple 
quantum well sample at 0 and 90 polarization angles. At 0°, a clear peak due to 
intersubband transition is shown at near 5.6 um. However, at 90° this peak vanishes, and 
another peak appears at 3.2 urn which is due to intervalence-subband transition. The inset 
shows the waveguide structure used for the measurement. 

We have theoretically calculated the bound to bound and bound to quasi bound state 

transitions including many body effects, depolarization and exciton-like effects in a local density 

function approximation and strain induced splittings of the hole bands. The results are in 

agreement with experiments. Details of the calculations can be found in the publications. 



Briefly, the principle of having a normal incidence transition can be explained as follows: the 

normal incidence comes from the matrix element of optical transition due to the band mixing of 

the conduction band to the valence band. The coupling of the valence band Bloch states with 

the conduction band can be expressed by using the first-order perturbation theory as 

Ui = u: + hlm0 
(U°c\k*p\U°) u: (i) 

where the index i (=h,l,s) refers to the heavy, light, and spin-orbit holes, respectively. Uc is 

the Bloch state of the conduction band; Eg is the T energy gap; and Ei is the energy of the tight 

and spin-orbit band edges measured from the heavy hole band edge. We can see that as the T 

gap decreases, the coupling with the conduction band increases. The explains why the inter- 

valence subband absorption was observed only for high Ge contents. From Eq. (1) we expect 

that the absorption strength will be proportional to (Eg+IEil)"2  We have plotted the absorption 

as a function of (Eg+IEil)"2 as shown in Fig. 3 for two possible inter-valence subband 

transitions from the heavy hole to the light or the spin-orbit hole subbands. Two curves show a 
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Figure 3. Measured absorption strength as a function of (Eg+IEil)"2, where Eg is the 
G energy gap and Ei is the band edge energy of the light or spin-orbit hole bands 
measured from the heavy-hole band edge.  The observed transition is likely from the 
heavy hole state to the quasi-bound state in that the wave function is a mixture of the 
light hole and spin-orbit hole states. 

similar approximate (Eg+IEil)"2 dependence.   It can also be shown that the coupling is 



increased markedly with high k||. This explains why the transition to a quasi state, which has a 

large k||, is much stronger. Our detailed calculations including band mixing and strain gave a 

more accurate account of the effect and compare well with experimentally observed transition 

energies. 

As seen from the above discussion, all the following transitions : HHo ■*■ LHo, HHo •*■ 
SOo, LHo ■*" SOo and HHo •*■ continuum states are allowed. For Sii-xGex/Si grown on Si 

substrates, the Sii-xGex layers are under compressive strain, which causes bands to separate 

among all three bands (HH, LH and SO). Thus, most of holes will occupy the heavy hole 

ground state. The transition energies for HHo ■*■ LHo are considerably smaller than the 

experimentally observed peak positions. The observed peak energy positions correspond to 

those of the HHo -*" SOo and HHo •*" continuum states, close to the barrier height 

2.1.3. N-type Si (110) Quantum Wells 

For n-type, we have shown in experiments normal incidence absorption in the range of 5- 

10 (im in Si wells on (110) oriented substrates and in Ge wells on (100) substrates. 

Previously, it was recognized in a MOS inversion layer that the normal incidence intersubband 

transition is possible on (110) oriented Si due to the tilted ellipsoids. However, no 

experimental confirmation has been done due to the fact that the transition energy is low (30 -50 

meV or the wavelength range of 40-60 (im) as the effective mass is large and carrier 

concentration is low. In this case, free carrier absorption dominates. In our case, we 

experimentally observed intersubband transitions and showed that the transition energy could be 

tuned in the range 4-12 |im. We briefly describe our key results for the (110) Si well first 

The electron intersubband transition cannot be induced by the xy-polarized field (i.e., 

normally incident light or 90° polarization angle) for Si (001) quantum wells. This is because 

the principal axes of the energy ellipsoids are on [100]. The (inverse) effective mass tensor is 

diagonal as shown in Fig. 4 (a) and the diagonal terms represent the electron motion along the 

growth direction induced by the z-polarized field. There are no off-diagonal elements. In other 

words, electron oscillations do not happen by the x or y optical fields. We have calculated the 

oscillator strength and analyzed the effect of the strain. These results can be found in the 

published papers. 

For Si (110), the mass tensor of electrons in the X4 valleys (along [100] ,[l00], [010], [OlO] 

directions) has both diagonal and off-diagonal terms due to the four tilted energy ellipsoids as 

shown in Fig. 4(b). The off-diagonal terms represent the electron motion along the quantum 

well growth direction by the xy-polarized field. The off-diagonal elements are responsible for 



the normal incidence detection; the optical electric field in the x or y direction can produce 

electron oscillation in the z direction. The normal incidence absorption can occur for the X4 

valleys. The mass tensor of electrons in the X2 valleys (along [001] and [001] directions) has 

only diagonal terms and the electrons in the X2 valleys cannot give rise to motion in the 

quantum well growth direction by the xy-polarized field. Therefore, only the z-polarized field 

can induce the intersubband transition for electrons in the X2 valleys as in the case of Si (001). 
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Figure 4. Ellipsoids for (a) [100] and (b) [110] growth directions. The inverse mass 
tensors illustrated at the bottom are for the corresponding shaded ellipsoids. 

Thus, it is important that the X4 valleys should be occupied in order to have intersubband 



transitions excited by the xy-polarized field, or in other words, to have normal-incidence 

detection. For the (110) SiGe/Si multiple quantum well structures shown in Fig. 5, it is 
designed to have a proper strain to satisfy the condition. With the Si^yCtey buffer layer, the Si 

layers suffer a tensile strain and the X2 and X4 energy bands in Si layers split, making the X4 

valleys lower than the X2 valleys. With this energy level separation, most of the electrons will 

occupy the X4 valleys and this gives the large absorption strength obtained at 9 = 90 . 

SiGe Cap Layer (2500Ä) 

/ Undqped SiGe 
10 Periods    ) X       (300A) 

i_ 
Si50Ä 
1 

SiGe Buffer Layer Sb 5-doped 
d~1.5^m) SJ(40Äf 

Si Substrate (110) 

Figure 5. Sample structure of Si (110) quantum wells. It consists of a 1 ~ 1.5 urn 
undoped Si^yGeJSi buffer layer followed by 10 periods of a 50 A Si layer doped 
with Sb in the 40 A center region, an undoped Si^xGe^Si barrier of 300 Ä thick, 
and a 3000 Ä undoped Sij.yGey/Si cap layer. 

Fig. 6 shows the polarization dependence of absorption spectra of sample C which has ten 
Si/Si0 5Ge0 5 multiple quantum wells grown on a Si (110) substrate, with a Sb 5-doping 

concentration of 1.3 x 1020 cm"3. As the polarization angle increases, the absorption strength 

decreases slightly and the peak positions shift to lower energies. The peak absorption 

coefficient of the spectrum is 21,400 cm"1 at 6 = 0° and 19,800 cm"1 at 90°, which is the peak 

absorption coefficient for normal incidence absorption. 
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Figure 6. Polarization angle dependence of absorption spectra of sample C. The 
polarization angle q is defined in the inset of Fig. 2. The absorption spectrum is 
observed at q = 90 due to intersubband transition excited by the z-polarized field. 
The peak energy position shift is also observed as the polarization angle is increased. 
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Figure 7. Ge composition dependences of transition energy, FWHM, and 
absorption strength. The Ge compositions of samples A, B and C are 15, 30 and 50 
%, respectively. The peak energy position (transition energy) shifts to higher 
energies as the Ge composition is increased. FWHM's are nearly the same for all 
samples with the same doping concentrations. 
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Fig. 7 shows the peak transition energies and absorption spectra at 8 = 0 and 90 and 

FWHM's of absorption spectra for different Ge concentrations in the Si^Gex barriers (given 

in the caption). The absorption peak position (transition energy) of sample A is 215 meV (5.8 

(im) and those of sample B and C are 242 meV (5.1 |im) and 258 meV (4.8 |im), respectively, 

at 0°. The transition energies of sample A, B, and C are 189 meV (6.6 fim), 219 meV (5.7 

(im), and 231 meV (5.4 iim), respectively, at 90 . 

The transition energy increases as the Ge composition increases due to the fact that the 

conduction band offset of Si/SiGe heterostructures for the X4 valleys becomes large as the Ge 

composition increases. The potential wells are formed by the combined effects of increasing the 

conduction band offset and 6-doping, resulting in larger energy level separation between 

subbands. The use of 8-doping leads to higher transition energies compared to the simple 

SiGe/Si and a MOS inversion quantum well cases due to the Hartree-Fock potential along with 

the many-body effects (to be discussed later). This transition energy shift is especially large for 

high carrier concentrations in the wells. Transition energies are easily tunable by changing the 

Ge composition and the doping concentration in the well. 

2.1.4. N-type Ge(001) Quantum Wells 

We have demonstrated that normal incidence absorption is also possible for Ge (001) 

quantum wells due to the tilted energy ellipsoids with respect to the growth direction. The 

absorption spectra were shown to vary with the Ge composition in the barriers and doping 

concentration in the wells. 

Ge(001) has half of eight minimum energy ellipsoids at the L points as shown in Fig. 8. 

Normal incidence absorption is possible due to the tilted ellipsoids with respect to the growth 

direction (or the z- axis). The inverse mass tensor in the z direction has non-zero off-diagonal 

elements as illustrated in Fig. 8(b). These off-diagonal elements are larger than those of 

Si(l 10) because of the smaller effective mass. We anticipate a larger normal incidence 

absorption (or detection). 

In experiments, samples were grown with Sb 5-doping, which was accomplished with Sb 

thermal evaporation and controlled substrate temperature to minimize the Sb segregation. Prior 

to the growth of quantum wells, a SiGe buffer layer of 0.6 ~1 |im thick was first grown at a 

relatively low temperature to reduce the misfit dislocation density and followed by a SiGe 

relaxed buffer layer with a thickness of 0.5-0.8 \xm.   Samples used for this study were grown 

in a Si-MBE system and n-type 8-doping was achieved by Sb thermal evaporation at low 

temperature followed by a Sil-yGey relaxed buffer layer with a thickness of 0.5 ~ 0.8 [im. The 

11 



Ge content (y) in the buffer layer was chosen so as to maintain the symmetric strain condition in 

the multiple quantum wells. The active region consists of 10 periods of a strained Ge well and 

a Sii-xGex barrier. The structure schematics is shown in Fig. 7(b). The Ge composition (x) 

of the barriers was varied from 40% to 80% in this case. The Ge well layers were grown 

below 400°C in order to obtain 5-doping with high Sb concentration. The doping 

concentrations of the Ge layers were varied from 1017 to 1020 cm'3, verified by spreading 

resistance profiles (SRP) and secondary ion mass spectrometry (SIMS) profiles. 
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Figure 8. (a) Energy ellipsoids of Ge (001). They are tilted with respect to the 
growth direction [001] and located at L points. The inverse mass tensor is also given 
on the right, (b) Structure 
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The absorption spectra of a sample with ten Ge/Sio.6Geo.4 multiple quantum wells and 

with a 2D carrier density of 6.2 x 1012 cm-2 in the Ge well are shown in Fig. 9. The maximum 

absorption coefficients at 9 = 0° and 90° are 14,500 cnr1 and 11,000 cm"1, respectively. The 

absorption coefficient is slightly smaller for the normal-incidence case due to the smaller inverse 

effective mass. The peak absorption wavelengths at 9 = 0° and 90° are 5.0 ^im (249 meV) and 

6.3 }im (196 meV), respectively. The difference of the peak absorption positions between 0° 

and 90°, which is 53 meV, is due to the depolarization effect, and will be discussed later. 

15000 

E 
c^ 

c 10000 
<u 
'o 
»*- 

CD 
O 
o 
c 
O 
'■£    5000 

o 
OT 
ja 
< 

i i > i I > i > i I i i i i I > > i i I i i i i I i i i i I i i i i 
• SincGen< barrier 

0.6 0.4 
[I '  \ • Doping density in 

//   \\    Ge well : 8 x 1018 crn3 

>20° 

 ' 

0        100     200      300     400      500     600     700 

Energy [meV] 

Figure 9.  Absorption spectra of a sample for various polarization angles. The 
polarization angle q is defined in the inset. The sample has ten Ge/Sio.6Ge0.4 multiple 
quantum wells. The 2D carrier density in each Ge well is 6.2 x 10*3 cm~2. 

The polarization angle dependence of the absorption strength (absorption integral obtained 

from the spectra) is shown in Fig. 10. The solid circles are the average values of many samples 

having various Ge compositions in the Sii.xGex layers (40 ~ 80%) and with various doping 

concentrations in the Ge layers (4 x 1017 ~ 1.5 x 1019 cm-3). The error bars represent the 

standard deviation and the solid line represents the calculated values of oscillator strength of 

strained Ge wells. The calculated oscillator strength (as discussed above) is normalized, and 

the transition width is assumed to be a 8-function in the calculation. However, the actual 

subbands are broadened, and therefore, the transition has a finite width. The broadening of the 
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subbands are caused by the scattering of carriers with phonons, impurities, other carriers, etc., 

leading to a Lorentzian transition line shape. The discrepancy between the experimental and the 

calculated absorption strength may be due to the non ideal nature of the quantum wells and in 

part due to the use of the absorption integral in comparison with the calculated oscillator 

strength. 
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Figure 10. Polarization angle dependence of the absorption strength. The solid line 
represents the calculated values of the normalized oscillator strength of Ge and the 
solid circles represent the average value of the normalized measured absorption 
strength for many samples of various Ge compositions in Sii-xGex layers and of 
different doping concentrations in Ge layers. The dashed line shows the calculated 
values of the normalized oscillator strength when the X and L valleys are equally 
occupied by electrons. Error bars represent the standard deviations. 

The absorption is believed to come from the L valley electrons. Although the conduction 

band minima are located in the L valleys, there might be a possibility that the X valleys are 

partially filled with carriers because of the high doping used and the lowering of the X4 valleys 

by compressive strain in the Ge wells. However, the experimental results of the polarization 

angle dependence shown in Fig. 10 indicate that the absorption mainly comes from the electrons 

in the L valleys. The dashed line in Fig. 10 represents the calculated values of the absorption 

strength when the L and X valleys are equally occupied by electrons. If the absorption had a 

14 



significant contribution from the X valleys, the experimental absorption strength data would be 

smaller than the calculated values for 9 = 90° as shown in the figure because the electrons in the 

X valleys do not give rise to the intersubband absorption at this angle. 

The many body effects affect the transition energy as mentioned before. Fig. 11 shows the 

doping effects on the transition energy in the left hand scale and the absorption strength on the 

right for the Ge layers with 6 = 0 and 90 . Each sample has Sio.sGen.s barriers. The peak 

transition energy increases from 196 meV (6.3 (xm) to 242 meV (5.1 jim) at 0° and from 177 

meV (7.0 (im) to 197 meV (6.3 um) at 90 as the doping concentration varies from 2 x 1018 to 

1.5 x 1019 cm-3. The transition energy increase is due to the Hartree-Fock potential along with 

the many body effects such as the depolarization and the exciton-like shift. The many-body 

effects will be discussed in detail in the next section. 
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Figure 11. Doping effects on the absorption strength and the transition energy at the 
0  and 90  polarization angles. All samples have Sio.5Geo.5 barriers. The transition 
energy and the absorption strength increase as the doping concentration increases. 
The transition energy shift at 90° is due to the depolarization effect and the smaller 
absorption strength at 90° is due the smaller off-diagonal terms of the inverse 
effective mass tensor. 

Since the absorption strength is proportional to the density of the electrons which can make 

transitions in the quantum welis, it is obvious that the absorption strength increases as the 

doping concentration increases. The absorption strength at 0 = 0° is larger than that at 0 = 90° 

because the diagonal terms of the inverse effective mass tensor are larger than the off-diagonal 
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terms as stated before. The ratio obtained from Fig. 11 is 3.19 which is close to the theoretical 

value of 2.86. 
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Figure 12. Ge composition dependence of transition energy and absorption strength 
for the 0 and the 90 polarization angles. The absorption integral is used as the 
absorption strength. The maximum transition energies and absorption integrals 
decrease as the Ge composition increases. The intended doping concentration in the 
Ge well is 8 x 10^ cm"3 for all Ge compositions. 

The effects of strain on the transition energy and the absorption strength were also 

obtained. These are shown in Fig. 12 as a function of Ge composition. The intended doping 

concentration in the Ge wells is 8 x 1018 cm-3 for each sample. The peak transition energy, the 

absorption strength, and FWHM (not shown) were observed to increase as the strain increases. 

The strain increases as the Ge composition (x) in the Sii-xGex barrier decreases. The peak 

transition energy increases from 157 meV (7.9 (im) to 249 meV (5.0 fim) at 0° and from 150 

meV (8.3 [im) to 196 meV (6.3 [im) at 90° as the Ge composition varies from 80% to 40%. 

There is a large energy shift for low Ge contents. The large depolarization shift suggests that a 

higher carrier concentration is present for the samples with the lower Ge composition layers. 

This is due to the loss of Sb for the films with higher Ge contents. The segregation of Sb in Ge 

is more severe than that of Si and hence the incorporated doping density is larger for lower Ge 

concentrations. The fact has been verified by the SEMS depth profiles of Sb. 

We have demonstrated under the current AFOSR supported work: 

•   Normal incidence detection of Ge quantum wells grown on (100) substrates; 
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• Larger transition strength due to the larger inverse effective mass off-diagonal term 

elements; 

• Discovered and explained the low dopant incorporation in the films with higher Ge 

content; 

• Large energy range of transition. 

2.1.5. Many-body Effects 

Many-body effects are usually incorporated in the calculation using the local-density- 

functional approximation. In the following, we will briefly discuss the steps that are used in the 

multiband self-consistent calculation. The Schrödinger equation, including the many-body 

effects, can be written as 

~^+VM + Va(z) + VK(z)\fi(z) = Elyft(z) 
2m ) 

where VJJ(Z) = Vion(z) + Vei(z) and Vxc(z) are the Hartree and exchange-correlation potentials, 

respectively. In the calculation, the energy levels and wave functions are calculated self- 

consistently by numerically solving the equation. It is also known that the photon induced 

many-body contributions such as the depolarization and the exciton-like interaction between the 

ground and excited states can shift the transition energy by a substantial amount. These two 

effects come about as a result of the plasma frequency dependence on the charge sheet, a 

collective phenomenon. For a two-dimensional gas, such effects are estimated by solving the 

time dependent Schrödinger equation self-consistently using the Hartree and exchange- 

correlation potentials. Their peak positions, including the shift due to the plasma effect, can be 

obtained by 

E;z = EUi+a-ß)   , 

where EQ is the shifted energy and E?0 is the difference (Ei-Eo) of the subband energy levels 

calculated self-consistently. The quantities a and b for the transition between the ground state 

and the first excited state (assuming only the ground state is occupied) are obtained from a local 

density function approximation, 
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a = 
"10 

^m r j,wM.ftWM 

and 

El0 J_„ dn{z) 

In this work, we have discovered that an order magnitude of larger depolarization shift in 

SiGe/Si due to many body effects than those observed before in ni-V materials. This shift, 

accomplished by 5-doping, made possible the detection wavelength range of 3-12 \\m in 

SiGe/Si quantum well detectors for the first time. 

2.1.6. Luminescence From Strained SiGe Quantum Structures 

As stated previously, one of the long term goals is to obtain efficient Si-based light 

emitters for optical interconnection. We present the progress in luminescence of SiGe and short 

period superlattices.   We have provided a better understanding of the optical properties of SiGe 

layers and identified the transitions from short period superlattices. 

First, we describe PL of SiGe alloy layers. Previously, the optical properties of 

pseudomorphic Sil-xGex layers were still far from being fully understood. For Sii-xGex 

films grown by MBE and CVD, no clear intrinsic luminescence has been demonstrated for the 

entire range of Ge concentrations of SiGe layers. In relaxed Sii-xGex alloy layers with high 

Ge contents, a high density of dislocations tends to obscure any observation of band edge 

luminescence signals. With compositional grading of the alloy layer the dislocation density was 

reduced. We have observed no-phonon peaks in MBE films for a large range of Ge contents. 

The bandedge luminescence peak of SiGe alloy layers were obtained and the defects were 

shown to be important for quenching in the luminescence. Furthermore, in highly dislocated 

films, we have demonstrated the use of atomic hydrogen (deuterium) to passivate these defects 

and lead to the improved band edge luminescence. 

There are several approaches to increase the light emission efficiency, including (i) zone- 

folded superlattices, (ii) quantum-confined effects such as porous Si, and (iii) rare earth and 

isoelectronic center doping, such as the use of Er in Si. The use of Er was shown to have a 

very low transition cross-section. Thus, the doped layers alone cannot produce efficient 

transitions. Similarly, in porous Si by virtue of the fact of how it is prepared, i.e., the 
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electrolytic process stops when the conduction of the rods stops, electroluminescence is 

unlikely to be efficient due to lack of current injection. Thus, we proceeded with the zone- 

folding approach to be followed by lateral quantum confinement In order to accomplish the 

goal, we must investigate and understand the luminescence of Brillouin zone folded states. In 

the past, the mechanism for photoluminescence (PL) in short period superlattices resulting from 

zone folding was not clear due to the defect luminescence and possible quenching of the band- 

to-band luminescence. This is due to the fact that a relaxed buffer layer must be used to put the 

tensile strain in the Si layers in order to achieve the quasi-direct zone-folding. We have used 

graded buffer layers to grow high quality superlattices. We have also used deuterium to 

passivate the dislocations (defects). The band edge luminescence of the superlattices has been 

confirmed. This luminescence from the superlattice rather than from the dislocation in the 

buffer layers was further confirmed by etching to remove the superlattices. Fig. 13 shows 

strong band edge PL of a superlattice: no-phonon localized exciton (LE^P) and transverse 

optical phonon (LE^O) replica The progress is essential for the understanding of the optical 

properties of the zone folded effect and lateral quantum confinement effect, and is a major step 

towards our long term objective of achieving efficient light emitters. This serves as the basis of 

our proposal to study Ge-rich superlattices grown on relaxed buffers. Later, doping and or 

lateral confinement can be included to increase the transition strength as will be discussed in the 

Proposed Research section. 
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Figure 13. Photoluminescence of short period superlattices by GBE.   Band edge 
luminescence and its phonon replica are seen. 
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2.2.   Growth 

22.1. &-Doping in Solid Source MBE 

In epitaxial growth of MBE and CVD, it has been difficult to achieve a sharp and high 

doping profile while maintaining a high crystalline quality because of the low sticking 

coefficient and high segregation of n-type dopants such as Sb. However, we have developed a 

temperature-modulation growth technique and obtained good crystallinity and achieved a wide 

range of high doping concentrations to above the solid solubility of Sb. The SIMS depth 

profile for an intended double 55 Ä Sb d-doped Si quantum well structure gave a FWHM of 

about 58 Ä. The maximum Sb doping concentration in the 8-doped layer was measured to be 

3xl020 cm"3. With a 300Ä spacer, the two Sb peaks were clearly separated. The peak-to- 

valley ratio of the profile was greater than 100. Since the diffusion coefficient of Sb is very 

small, the broadening of the Sb doping profile is negligible for temperatures below 600 C. 

Another advantage of this growth method is that sharp and high doping profiles for quantum 

wells can be achieved using simple thermal evaporation of Sb. Other complex methods such as 

secondary-ion implantation (potential enhancement of doping) and low-energy ion implantation 

are not necessary. 

Electron Hall mobility data for samples with a S-doped well grown by the temperature 

modulation technique were used to further assess the quality of the layers. The data showed an 

enhancement below the doping concentrations of 10    cm   and were comparable for above 

10    cm  . These results were much better than that reported by Gossmann. The mobility 

enhancement comes from the reduced scattering of the 2D gas transport in the 8 quantum well. 

As the impurity concentration increases, however, the impurity scattering increases rapidly and 

the mobility enhancement vanishes. The ability to provide high and sharp doping gives us the 

opportunities to explore the many body effects in adjusting the intersubband transition energy. 

2.2.2. Si Gas Source MBE System 

To date, most of quantum well work has been accomplished by solid source MBE. There 

are deficiencies, however.   For example, when grown at higher temperature (for improving 

optical properties, e.g., luminescence yield), Ge tends to segregate, resulting in surface 

roughness. Although surfactants have been successfully used to suppress segregation of Ge, 

residues of the surfactants may limit general applications. In addition, there are other problems 

of conventional solid source Si MBE such as low through-put and spitting defects. Gas source 

MBE can potentially alleviate these problems. With gas species, surface chemistry can be 

utilized to achieve selective growth, in addition to solving the above-mentioned problem. The 

surface chemistry and diffusion of gas species on different surfaces also result in large 
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differences of growth rate.  The orientation dependent growth kinetics leads to our proposed 

in-situ self regulating growth of quantum structures to be discussed later. We have established 

gas source MBE capability with gas control manifolds. The flow rates of disilane and germane 

can be controlled by mass flow controllers with 0.1 seem accuracy and a range of controllable 

flow rate of 1-100 seem. The system has a Ge K-cell and two doping K-cells of B(p-type) and 

Sb(n-type) as well.   For in-situ characterization of the film growth, RHEED, AES(ESCA) and 

optical characterization equipment are housed in the same growth chamber. The schematic 

diagram of our gas source MBE system is shown in Fig. 14. Our progress of growth in several 

areas using gas source MBE will be described next 
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Figure 14.  Schematic diagram of the gas source MBE system 
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2.2.3. Orientation Dependence of Gas Beam Epitaxy on Si(lOO) and (111) Substrates 

In the following, we will describe our progress of the growth studies on Si(100) and 

Si(l 11) surfaces. The results provide the understanding of facet growth and lead to a new in- 

situ growth technique for quantum wires and dots. 

The orientation dependences of growth rate and kinetics of Si epitaxy have been 

investigated. For (100), high quality films have been grown with n and p-type doping (So and 

B, respectively) in the range of 1013 to 1019 cm-3. The background doping was shown to be 

much lower than that obtained in solid source MBE. 

We also studied growth on Si(l 11) surfaces. Our work and others' on solid source MBE 

growth on (111) oriented substrates have demonstrated the following significant advantages: i) 

improved heterointerface abruptness for (111) oriented growth over (100) because of a smaller 

Ge segregation effect. The segregation on (111) was suppressed by about a factor of 10 

compared to (100) growth without the recourse to special cares, such as surfactant assistance; 

ii) A large critical thickness of GeSi strained layers on (111), about 2 times larger than on 

(100), is obtained. The large critical thickness can be important for minority carrier devices, 

such as heterojunction bipolar devices, where it is desirable not to have films exceeding the 

critical thickness. 

In the present AFOSR sponsored research, we took the lead in performing a systematic 

study of Si growth on Si(l 11) substrates by gas source MBE. Gas source MBE is expected to 

be more anisotropic for differently oriented surfaces since surface chemistry is employed. The 

results of our study show that the growth rate on Si(l 11) is generally much lower than on 

Si(100). The growth rates on Si(l 11) and Si(100) as functions of different growth 

temperatures for disilane flow rates of 2, 3, and 5 seem are shown in Fig. 15. The difference 

of the growth rates increases rapidly as the growth temperature is reduced, and decreases only 

slightly as the disilane flow rate is reduced. For a disilane flow rate of below 3 seem and a 

growth temperature of less than 600°C, the growth on Si(lll) becomes almost unobservable 

while the growth on Si(100) remains significant. Fig. 16 shows the ratio of growth rates on 

Si(l 11) and Si(100) as functions of growth temperature and disilane flow rate by replotting Fig. 

15. The anisotropy of growth rate is due to the different chemical reactivities for the two 

surfaces. Though the basic knowledge of growth mechanisms for disilane gas source MBE 

remains sparse, it is believed that the process may involve the dissociative chemisorption of the 

disilane on the dangling bond sites of covalent Si surfaces, the subsequent decomposition of the 
adsorbed SiHx, and followed by the hydrogen desorption from the hydride surfaces. The 

Si(l 1 l)-(7x7) surface has different dangling bonds from the Si(100)-(2xl) surface, and the 
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for a disilane flow rate of 2, 3, and 5 seem. 
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Figure 16. Ratio of growth rates on Si(lll) and Si(100) as functions of growth 
temperature and disilane flow rate. 

activation energy of the dissociative chemisorption of disilane is larger on the (111) surface than 

(100), leading to a lower growth rate for the Si(l 11) surface. The growth rate will, of course, 

be dependent on the growth conditions. The results of growth rate anisotropy will be used for 

facet growth of quantum structures to be discussed later. 
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2.2.4. Selective epitaxial growth (SEG) on Si02-patterned substrates 

Another important advantage of the use of gas sources is the possibility of achieving 

selective epitaxial growth(SEG) on patterned wafers. SEG is a very promising technique for 

increasing device density in very-large-scale integration(VLSI), but also for fabrication of 

nanometer scale structures in nanoelectronic applications. For conventional silicon solid source 

MBE, it is difficult to realize SEG since the silicon atoms are just physically deposited on the 

surfaces of substrates. In contrast, gas source MBE (and CVD) can achieve SEG, because of 

selectivity associated with the chemical decomposition of the precursors employed. Gas source 

MBE does appear to be potentially the best of all for area selective epitaxial growth, since the 

molecular beam nature leads to very good growth uniformity across the patterned feature 

deposited and above all provides excellent control for growth and for understanding of the 

processes. In principle, SEG can be achieved in various ways.   The first is for the source 

molecules to exhibit negligible sticking probabilities on the surfaces of mask. Alternatively the 

adsorbed source molecules might be lost from the mask, either by desorption into the gas phase 

or by diffusion from the mask into the growth window, that is diffusion and desorption of 

source molecules from the mask dominate over nucleation on the mask. Finally selectivity can 

be obtained if stable chemisorbed species develop on the mask during the reaction which inhibit 

the growth on the mask through the blocking of active sites. Little is known for SEG on 

nanometer scale. Selective epitaxial growth using the disilane gas source is based on the 

different interaction kinetics of the disilane molecules on the clean chemically reactive Si surface 
and chemically stable SiC>2 surface. The sticking coefficient of disilane on the clean Si surface 

was found to be 0.1, much larger than the sticking coefficient of disilane on clean Si02. 

Hydrogen coverage which come from the dissociation of disilane during growth can block 

adsorption process on the mask. Therefore, the growth of the Si layer can occur only locally on 

the clean Si surface. Using gas source MBE, we have successfully demonstrated selective 

epitaxial growth. 

2.2.4.1. SEG for scaled down Si VLSI 

SEG is a very attractive technique for fabrication of small devices. The most important 

feature of the proposed research is that SEG grown structures are self-aligned and self-isolated. 

For this purpose, we performed and successfully demonstrated SEG on a VLSI mask. Fig. 17 

shows successful selective growth on a typical DRAM mask. The dark islands are the epitaxial 

regimes.   Fig. 18 shows the 3-D AFM images of another SEG sample (a)before and (b)after 

selective epitaxial growth. The SEG epitaxial thickness in this case is about 1000 A. The 

maximum obtainable thickness of selective epitaxial growth without any poly-Si deposition on 
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Figure 17 Selective growth on a patterned substrate. The mask used was a typical 
DRAM mask set. 

H"1 *4 

(a) (b) 

Figure 18. AFM images of a SEG sample (a) before and (b) after selective epitaxial 
growth, showing the steps of selective Si growth. 

SiC>2 is limited by the incubation time. The incubation time is referred to as the time before the 

growth of poly-Si on the S1O2 begins and is related to the number of nucleation sites on the 

surface of SiÜ2 layer. The incubation time is strongly affected by the disilane flow rate, growth 
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temperature, and the cleanliness of the S1O2 surface. Within the usual growth temperature 

range, the incubation time is shown to be inversely proportional to the disilane flow rate and the 

growth temperature. 

2.3 Summary 

We investigated intersubband transitions of Si/Ge quantum structures including p-type Si 

quantum well, n-type Si(l 10) quantum wells, n-type Ge(001) quantum wells.   We have also 

obtained the understanding of many-body effect on the intersubband transitions. The 

application of these transitions for the fabrication of tunable normal incidence infrared detectors 

was demonstrated. In the area of optical properties, we have also demonstrated a large Stark 

shift in type II SiGe/Si multiple quantum wells and luminescence from SimGen superlattices. 

In the area of transport properties, we have studied the in-plane mobility of coupled 8-doped 

quantum wells as a function of spacing between the wells. An enhancement of hole mobility 

above that of the Si was found due to the penetration of wavefunctions into the spacer where the 

impurity scattering is minimal. In addition to exploration of new devices, alternative growth 

techniques for achieving layer thickness to monolayer scale and doping control were also 

investigated. In the area of the growth control of SiGe epitaxial layers, we have built up a gas 

source molecular beam epitaxy system. We have investigated the orientation dependence of gas 
beam epitaxy. Selective epitaxial growth on Si02-masked substrates have been demonstrated. 

We have also studied the role of surfactants for obtaining high quality coherently strained SiGe 

epitaxial layers and for providing doping control in quantum wells and superlattices. 
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